This study analyses trends in low flows in Spain in the period 1949-2009, based on daily flow data collected at 60 gauging stations located in near-natural catchments. Two low-flow indicators were considered: (i) the seven-day annual minimum streamflow and (ii) the 10th percentile of the yearly flow duration curve. Catchments were clustered into three regions in terms of monthly mean flows. The Mann-Kendall test was used considering four periods between 1949 and 2009. A multi-temporal trend analysis was also applied to the longest series to identify wet and dry periods that could influence the results. Lastly, a field significance test provided a regional assessment of the at-site detected trends at each region. The results for each indicator reveal a clearly decreasing trend in low flows throughout the northern half of Spain that was found to be field-significant over the (Atlantic and Mediterranean) regions.
Introduction
The results obtained in recent studies point to a real intensification of the hydrological cycle due to variations in the global average temperature (Folland et al. 2001) , intensity and frequency of rainfall and snow events (Dai et al. 1997 , Hulme et al. 1998 , Ye et al. 1998 , Zhang et al. 2001 , and duration of floods and droughts (Hannaford et al. 2013) , with the uncertainties caused by the use of short data series and computer processing-level limitations being assumed (Huntington 2006) . Moreover, greenhouse gas emissions and the ensuing global warming have resulted in a temperature rise of 0.6 ± 0.2°C during the 20th century, which is the largest increment recorded in the last 1000 years (Yue et al. 2012) .
Water resources are fundamental not only to safeguard the good ecological state of rivers, but also to carry out human activities (Mauser and Schneider 2009 ) through river regulation with effective water policies (Hannaford and Marsh 2006) . Therefore, detection and quantification of changes in streamflow series have become essential for water resources planning and management.
The feasible drivers of change in flood series can be divided into the following (Merz et al. 2012) : (a) climatic drivers, such as precipitation, temperature and climate-related variables, e.g. increasing temperatures and evapotranspiration rates and the variability of precipitation, leading to changes in the hydrological cycle worldwide (Middelkoop et al. 2001 , Milly et al. 2005 ; (b) drivers at the catchment scale such as landuse changes that alter rainfall-runoff transformation processes, and (c) anthropogenic changes in rivers. Advances in measuring instruments and relocation of gauging stations can also affect the homogeneity of data records (Yue et al. 2012) .
Several studies have been conducted over the last few years with the aim of detecting, measuring and evaluating streamflow trends, highlighting the use of suitable statistical tests and correct interpretation of the results (Kundzewicz and Robson 2004) . Svensson et al. (2005) , in a study focused on 21 gauging stations worldwide, concluded that there was not a general increasing or decreasing pattern regarding the magnitude of floods, though a significant increase in low-flow series was found. Stahl et al. (2010) analysed streamflow trends in 441 near-natural catchments on a panEuropean scale, finding a generalized pattern of negative trends in annual, monthly and low flows in the southern part of the continent.
A significant number of studies have been conducted to detect and analyse trends in streamflows across Spain through various indicators. Morán-Tejeda et al. (2011) studied trends in monthly streamflows in the Douro catchment in the period , finding decreasing flow volumes and a shift in peak flows due to both decreasing winter precipitation and a reduction in the snowmelt component. In another study, Morán-Tejeda et al. (2012) detected a general negative trend in annual maximum seasonal flows throughout the Douro catchment in the period , and a significant increasing trend in the amount of low-flow periods, possibly caused by reforestation and increasing temperatures in recent decades.
At a larger scale, Lorenzo-Lacruz et al. (2012) found a clear decreasing trend in annual, spring and winter streamflows in most of the Iberian catchments in the period , especially in the south, arguing that although dam regulation and other water management strategies had no effect on the sign of trends, they may have altered their seasonality and magnitude. Similar conclusions were obtained by Martínez-Fernández et al. (2013) , who analysed annual streamflows recorded at 74 gauging stations in near-natural catchments across Spain in the period 1966-2005, finding negative trends in three quarters of the streamflows studied. Given that clear trends in precipitation series have not been found in Spain, these negative trends in streamflows were linked to increasing trends in evapotranspiration together with land abandonment and continuous forest expansion. These findings are in agreement with Mediero et al. (2014) , who found a strong correlation between decreasing trends in floods and increasing trends in evapotranspiration in the period .
At a pan-European scale, Stahl et al. (2010) found negative trends in annual and seasonal streamflows in Spain in the periods 1952-2004 and 1962-2004 caused by, it could be argued, an increasingly positive detected trend in the North Atlantic Oscillation index (NAO). In another study, Lorenzo-Lacruz et al. (2011) observed a significant response of streamflows to the evolution of the NAO across the entire Iberian Peninsula during winter and autumn, particularly in Atlantic watersheds that reflected the impact of the dynamics of the Atlantic pressure centres on the hydrology of the peninsula. Also, Mediero et al. (2015) found decreasing trends in floods in Spain in the period 1956-1995. In summary, the main drivers of streamflow trends in Spain are land-use changes, water management strategies and the NAO, with the latter affecting rainfall and snowfall events and, as a consequence, streamflows in western Europe.
In order to take a further step in the analysis of trends in Spanish rivers, this study focuses on low flows, as they are closely linked to the concept of environmental flows (García de Jalón 2003), i.e. the minimum in-stream flows that allow maintenance of a good ecological status in the river environment, promoting biodiversity and-in essence-protecting natural catchment resources. This concept became essential after the European Union Water Framework Directive (EC 2000) , especially in a semi-arid country such as Spain, where streamflows are intensively regulated through more than 1200 large dams.
There are several methods to determine environmental flows that can be divided into four main groups: hydrological, hydraulic, habitat simulated (such as in-stream flow incremental methodology (IFIM) and the weighted usable area (WUA) in Spain), and holistic (Acreman and Dunbar 2004, Magdaleno-Más 2005) .
In the hydrological methods, the value of the ecological flow is based on hydrological data, such as a specific percentile in the flow duration curve or a given percentage of the mean flow. Hydraulic methods obtain the ecological flow by determining the maximum change in a set of hydraulic variables (river depth, velocity and wetted area among others) which may lead to an unacceptable impact on the habitat, causing damage to some species most susceptible to changes in streamflow and river bed conditions. Habitat simulation models simulate different flow regimes in a set of cross-sections of the river, aiming to determine a "flow-habitat" curve, used to predict the flow under which habitat conditions are optimum. Particularly, the aforementioned WUA method is based on three hydraulic variables (depth, velocity and substrate) and analyses how they are preferred (each one standardized by an index ranging from zero to one) by the most sensitive species. Different river flow regimes generate dissimilar WUA values. The flow that generates the optimum WUA allows the ecological flow to be determined. Finally, holistic methods obtain the ecological flow by considering not only habitat, hydraulic and hydrologic factors, but also abiotic, cultural, landscape and socio-economic factors.
In Spain, the official recommendations for water resource planning (Instrucción de Planificación Hidrológica, IPH, in Spanish) (MARM 2008) set two hydrological methods for estimating the environmental flow: first, a method based on the moving average of a flow series; and second, defining a threshold between the 5th and 15th percentiles of the flow duration curve. The result then has to be adjusted through the WUA method in a set of representative stretches for each type of river in a given basin.
Consequently, this study seeks to detect and analyse trends in low flows in Spain with the aim of filling an existing research gap at a national scale, using two streamflow indicators that meet the requirements of the IPH for estimating environmental flows. It uses a set of near-natural catchments identified by Mediero et al. (2014) where the effects of major dam regulation can be neglected. This dataset also complements previous research studies regarding the use of unaffected flow time series, as large dams can induce either increasing or decreasing trends in downstream river low flows. In addition, changes in water abstractions caused by an increase in either population in urban settlements or irrigation areas were found to be not significant in the set of catchments selected. The catchments of study are grouped into homogeneous regions in terms of hydrological regime to determine if the atsite detected trends are field-significant. A multi-temporal approach is applied to the longest time series with complete data in the periods when low flows are most likely to occur.
Data and low-flow indicators
Regarding streamflow data collected in Spanish catchments, the specific characteristics of the Iberian Peninsula, e.g. complex and changing orography, wide range of altitude and variable climate from one region to another (González-Hidalgo et al. 2011), should be highlighted. In addition, Spanish catchments are usually intensively regulated (e.g. the Ebro and Tagus river catchments) to satisfy human needs, such as agriculture, hydropower, industrial and civil uses, which leads to an altering of streamflows in both inter and intra-annual terms (López-Moreno et al. 2009 , Lorenzo-Lacruz et al. 2010 . This should be considered when selecting a dataset and analysing trends.
Data
The dataset used in this study consists of daily streamflows recorded at 60 gauged sites located in nearnatural catchments in Spain, provided by both the Centre for Hydrographic Studies of CEDEX and the Integrated Water Information System. The selected sites are located in the Cantabrian, Douro, Ebro, Guadalquivir, Guadiana, Júcar, Minho-Sil and Tagus River Basin Authorities (RBAs) (Fig. 1) . However, the majority of the gauging stations are placed in four RBAs: the Ebro, Douro, Júcar and Tagus. Some of the blank areas shown in Fig. 1 are explained by streamflow data being not freely available in some of the Spanish RBAs. In southern Spain, a reduced set of gauging stations could be used because of the existence of a less dense hydrometric system with shorter records, as well as a major dam regulation of catchments due to a more irregular inter-annual streamflow pattern.
The length of daily flow data series varies from one site to another. Although the longest series in Spain start on 1 October 1910 and end on 23 September 2010, they show a gap between 1936 and 1942 because of a lack of data during a certain time after the Spanish Figure 1 . Location of the gauging stations used in the study.
Civil War. Consequently, the period 1949-2009 was that considered in this study. The quality of the data was checked in each station through comparison with the neighbouring catchments, in terms of mean streamflow values and periods of maximum and minimum flows. Changes in measurement methods were previously checked through comparison of the stagedischarge curves used along the period of record.
Therefore, the assembly of the dataset used meets the following criteria, based on Stahl et al. (2010) and Hannaford et al. (2013) :
• homogeneous and quality controlled records of daily mean flow; • no appreciable direct human influence on river flow during low flows; • catchment areas not exceeding 1000 km 2 ; and • time series covering more than 40 years and including recent data.
Low-flow indicators
Two low-flow indicators were calculated to detect and analyse low-flow trends:
a. FDC10: the 10th percentile of the yearly flow duration curve, following the previously mentioned IPH criteria; and b. AMIN7: the 7-day minimum streamflow for each year, derived for the period from May to November to avoid considering low flows caused by ice and snow in winter and spring that may occur in some parts of Spain, such as in the central Pyrenees.
It should be noted that some drawbacks emerged that were associated with missing data, especially in the dry period, when low flows are more likely to occur (considered in this study as between 1 June and 1 October). Consequently, a Monte Carlo simulation was implemented to determine the maximum number of missing days in the dry period that would lead to an unacceptable error in calculating the low-flow indicators.
Methodology
First, a Monte Carlo simulation was implemented with the aim of discarding years with long periods of missing data in the dry period in order to obtain representative values of the FDC10 and AMIN7 series. Second, homogenous regions were identified in order to improve the interpretation of the results. Third, a trend analysis that used the Mann-Kendall (MK) test was applied to the low-flow indicator series, considering different time periods between 1949 and 2009. And fourth, a multi-temporal trend test was applied to the longest series with no gaps, to contrast the representativeness of the short-and medium-term trends detected and their relationship with the location of wet and dry periods in the series.
Monte Carlo analysis for identifying the maximum number of missing days
Three steps were followed to determine the maximum acceptable number of missing data in the dry period. First, the gauging stations with the longest and most complete (with no missing data in any year) daily flow series were selected. Second, the FDC10 low-flow indicator was calculated for each complete year and considered as its true value. Third, 1000 synthetic series were generated at each site for a given number of missing days of flow data in the dry period of each year, varying between one and 95 days and calculating FDC10. And fourth, the synthetic and true values series of FDC10 were compared through the mean error ( E), given by:
where n is the total number of years with no missing data in each gauging station considered.
Identification of homogeneous regions
Some attempts to identify homogeneous regions at a larger European scale have been developed recently to improve the interpretation of the detected trends at short temporal scales. In order to provide a long-term context of the numerous short-term trend analyses applied to European river flows, Hannaford et al. (2013) proposed clustering catchments into regions and then applying a multi-temporal approach. Their results reveal that the magnitude and even direction of short-term trends are heavily influenced by inter-decadal variability. Therefore, some detected short-term trends could be unrepresentative of long-term changes. In addition, European regions based on the correlation between a set of streamflow percentiles were identified by Gudmundsson et al. (2011) , who found that low flows have lower spatial correlations than mean and high flows for shorter distances, though this pattern is reversed for longer distances (>800 km), as well as by Mediero et al. (2015) , who identified five regions across Europe based on the monthly frequency of flood occurrence.
In this study, the 60 gauging stations considered were grouped into homogeneous hydrological regions in terms of mean monthly streamflows at each site, with the aim being to account for the various climatic drivers that can generate streamflows and lead to different seasonal patterns, such as westerly depressions in winter, snowmelt in spring and convective storms in spring and autumn. The method used to cluster was that proposed by Ward, who applied it to the standardized monthly mean flow data in the period 1949 -2009 (Ward 1963 ). This offered a hierarchical cluster method also known as the minimum variance method. Such an approach calculates the distance between two clusters as the sum of squared deviations from the points to centroids. At each point of generation, the within-cluster sum of squares is minimized over all the partitions obtained by merging two clusters from the previous generation. The main difference between this method and the other linkage methods consists of the unification procedure. Rather than merge groups with the smallest distance, this method joins groups that do not exceed a given measure of heterogeneity (Drápela and Drápelová 2011) .
Detection of temporal trends
The Mann-Kendall (MK) test was applied to both FDC10 and AMIN7 series to detect and analyse trends in the low-flow series obtained at each gauging station.
This test identifies monotonic increases or decreases in a time series based on the comparison of successive values. It is especially suited for non-normally distributed data that contain outliers and nonlinear trends, such as flow data. The use of this method for hydrological studies has been widely proposed Robson 2004, Yue et al. 2012) , and applied to several analyses of hydrological trends at either regional or national and international scales (Burn et al. 2012) .
Considering a temporal series (x 1 , x 2 , . . ., x n ) of length n, the MK statistic, S, is given by:
where:
For greater n the distribution approximates to a normal with mean and variance given by:
where q is the number of ties, i.e. groups of equal values in the temporal series, and t r is the number of equal data values in the rth tie. The test statistic (Z MK ) is the standardized value of S calculated by:
A positive value of Z points to an upward trend, while a negative value points to a downward trend. As Z is assumed to follow a standard normal distribution, a trend will be significant when |Z| > u (1-α/2) , where u (1-α/2) is the (1−α/2) quantile of the standard normal distribution. In this study, α, the pre-defined significance level, equals 0.05. The p value, defined as the probability of obtaining a given value of Z MK from a time series, expresses the evidence against considering there is a trend contained in the data. When p is smaller than α, a significant trend is detected.
When a trend is detected in a time series, its slope can be estimated through a simple non-parametric procedure developed by Sen (1968) , assuming a linear trend f(t) described as:
where β is the slope (equation (8)), t is the time step and B is a constant.
The p value (which allows a trend to be determined as significant or not) and Sen's slope (which gives the sign and magnitude of the trend) were calculated for the low-flow indicator series with no data gap between 1949 and 2009 for every possible combination of starting and ending years. Given that a trend test is usually less reliable for short periods, windows with a minimum length of 30 years were used (Yue et al. 2012 ).
Multi-temporal trend test
A multi-temporal trend test (Hannaford et al. 2013) was applied to 11 stations. Nine of these have complete FDC10 series in the period 1949-2009, and the other two (one in the Mediterranean region and the other in the Pyrenees) were included to have a good representation of all the regions, though their corresponding FDC10 series had some gaps of fewer than 5 years in both cases. The multi-temporal trend test entails calculating the MK test for every possible combination of starting and ending year over the analysis period 1949-2009. Should there be a significant trend, the corresponding Sen's slope value is obtained. In this study, results are plotted in a coloured matrix. A blue cell means that there is a significant ascending trend (the darker the colour, the higher is the value of Sen's slope), a red cell means that there is a significant descending trend and a white cell means that there is no significant trend.
As trend tests are generally less reliable for shorter periods, the study focused on inter-decadal variability with application of a minimum window length of 20 years.
Field-significance test on spatially dependent networks
A bootstrap method was applied to determine if the number of at-site significant trends detected in a homogeneous region is enough to conclude that there is a significant trend across the entire region (Yue et al. 2001 , 2002 , 2003 , Yue and Hashino 2003a , 2003b . This method assesses separately the field significance of observed upward and downward trends over a region, which facilitates the detection of an anomalous number of at-site upward or downward trends.
The process is summarized in the following manner. First, the years in the selected period are resampled randomly with replacement, obtaining a set of B synthetic year series. Low-flow values are also resampled according to the set of years obtained. The spatial dependency of the network is preserved, as the set of synthetic year series is common for all sites in a region.
The Z MK and p value at each site are computed by using the synthetic series, counting the M number of significant upward (M up ) and downward (M down ) trends in a given synthetic region. By repeating this process B times, a B number of M up and M down is obtained. Thus, the bootstrap empirical cumulative distribution of M up and M down may be estimated by:
where P(M ≤ M r ) is the non-exceedence probability of M r and r is the rank in ascending order. Then, the nonexceedence probability of the number of significant trends detected in the actual region, either increasing, M up obs , or decreasing, M down obs , is obtained through its comparison with the bootstrap empirical cumulative distribution of either M up or M down , respectively.
The corresponding p value (p F ) is given by:
At the significance level of 0.05, if p F < 0.05, then the trend across a region is assumed to be field-significant.
Results

Monte Carlo analysis for identifying the maximum number of missing days
The results of the Monte Carlo simulation are shown in Fig. 2 . The maximum number of missing days in flow data series in the dry period, in order to avoid unacceptable errors in the estimated value of the low-flow indicator, was fixed as 45. This corresponds to a value of E smaller than 15% for all the selected sites. As a consequence, years with more than 45 missing days in the dry period were discarded in the trend analysis.
Considering this criterion in the 60 gauging stations used in the study, less than 8.5% of the total number of years were discarded in obtaining representative values of FDC10 and AMIN7. 
Identification of homogeneous regions
The result of the cluster analysis examined in Section 3.2 is shown in Fig. 3 . Three homogeneous regions were identified in terms of monthly mean flows calculated by considering the daily flow series recorded in the period 1949-2009. Therefore, these regions were identified in terms of hydrological regimes and, consequently, may be explained in terms of their climate conditions.
The Atlantic region includes stations placed in the north western and central-western parts of Spain, where streamflows are generated by persistent Atlantic frontal systems from the west that usually occur from autumn to spring and lead to a dry season in summer (Fig. 4(a) ). Consequently, the maximum monthly flow occurs in winter due to persistent rainfall events. In spring, streamflows gradually decrease until the start of summer, when the climate is dryer, given that rainfall events rarely occur and temperatures are higher. Flows then gradually increase during the autumn again, as they are associated with more frequent rainfall events. A high contrast between the greatest and smallest monthly flows can be observed, as mean flows in the dry season are lower than half the value of those of the wet season.
As shown in Fig. 3 , this region also includes two gauging stations located in the south of Spain: one in the Guadalquivir RBA (on the slopes of the Sierra de Cazorla, a mountain range of the Prebaetic System) and the other in the Guadiana RBA (on the slopes of one of the main mountain systems in the south of Spain, the Sierra Morena). Despite the magnitude of monthly streamflows in the Guadiana and Guadalquivir basins being smaller than in the northern Spanish basins, such as Douro, Minho-Sil and Tagus, the seasonal pattern of standardized mean monthly flows is similar, showing an Atlantic hydrological regime, with a wet period in winter driven by westerly depressions and a dry period in summer with infrequent and small rainfall events.
The Mediterranean region includes gauging stations situated in the north eastern and central-eastern parts of Spain, where a Mediterranean climate is predominant. In this region, while seasonality is similar to the Atlantic region (Fig. 4(b) ), it shows a smaller difference between months, as streamflow is generated by a combination of multiple continental and maritime mechanisms, such as weakened westerly depressions in winter and convective storms in spring and autumn. The smoothened Mediterranean pattern led to the inclusion of the gauging site located in the head of the Guadiana basin in this region. Despite this region being driven by an Atlantic climate, the catchment is characterized by large karst areas and by lakes that smooth the hydrological response.
Finally, a third region comprised of the gauging stations located in the Pyrenees was identified, with the largest monthly flows being in spring (Fig. 4(c) ). In this region, the flow regime is characterized by high flow values in spring, due to snowmelt, and low flows in summer (when the snow will have already melted and rainfall episodes are unusual) and, autumn and winter (when snow accumulates in the catchment and low temperatures prevent snowmelt). However, in autumn there is an increase in flow values due to rainfall episodes.
In the three regions identified, the lowest mean flows occur during the summer period.
Temporal trends in low-flow indicators
FDC10
The MK test described in Section 3.3 was applied to the FDC10 series obtained at the 60 gauging stations, with the objective of detecting and analysing trends in low flows and their inter-decadal variability. The periods considered were 1949-2009, 1959-2009, 1969-2009 and 1979-2009 , with the results shown in Fig. 5 .
The results for the gauging stations located in the two largest homogeneous regions (the Atlantic and Mediterranean), which include the Cantabrian, Douro, Ebro, Júcar, Minho-Sil and Tagus RBAs, vary depending on the period analysed, although negative trends remain predominant, with some exceptions in the two last periods analysed. Focusing on the period 1959-2009, the number of significant negative trends increases to 10 for the Mediterranean region, 20 for the Atlantic region and three for the Pyrenees. Once again, no ascending trends were detected in any of the sites. The number of significant negative trends increases in the Ebro and Douro RBAs.
Between 1969 and 2009, the number of significant negative trends detected in the Mediterranean region decreased to six. In the Atlantic region the number of significant negative trends was also lower, at 14. No significant negative trends were detected in the Pyrenean region. Two significant ascending trends were detected in both the Mediterranean and Atlantic regions in four different RBAs (Ebro, Guadalquivir, Guadiana and Tagus).
The results for the period 1979-2009 showed six significant negative trends for the Mediterranean region, 11 for the Atlantic region and, once again, none in the Pyrenean region. One significant ascending trend was detected, on this occasion, in the Atlantic region.
AMIN7
The MK test was also applied to the AMIN7 series obtained at the 60 gauging stations. The periods considered were the same as for FDC10, and the results are displayed in Fig. 6 , showing predominant negative trends in the four periods considered that are close to those obtained for the FDC10.
In the 1949-2009 period, 15 significant negative trends were found in the Atlantic, five in the Mediterranean and one in the Pyrenean region. Only one positive significant trend was detected, at a gauging station located in the Atlantic region.
Considering the period 1959-2009, only significant negative trends were found, again in a greater number than in the previous period, with 21 in the Atlantic, 10 in the Mediterranean and three in the Pyrenean region.
In the next period, 1969-2009, the number of significant negative trends was the same as in the previous period, except for the Atlantic region where there were Figure 6 . Significant low-flow trends using AMIN7: (a) 1949-2009; (b) 1959-2009; (c) 1969-2009, and (d) 1979-2009. two fewer significant negative and one more significant positive trends.
For the last period, 1979-2009, the number of significant negative trends decreased to eight in the Atlantic region, six in the Mediterranean region and one in the Pyrenean region. Two significant positive trends were detected in the Atlantic region.
Some differences were found among the significant trends detected in some gauging stations of the three regions identified above. For the first period studied, 1949-2009, the results differed at nine stations, with four being located in both the Atlantic and Mediterranean regions, and one in the Pyrenean region. Considering the second period analysed, 1959-2009, differences between significant trends were observed at three sites, with one being in the Atlantic region and two in the Mediterranean.
In these two periods, differences were associated with significant FDC10 trends found at gauging stations which did not show significant trends in the AMIN7 for the same period or vice versa.
However, in the third period studied, 1969-2009, more differences were found between the two lowflow indicators, reaching 37 (19 in the Atlantic, 17 in the Mediterranean and three in the Pyrenean regions). Yet again, variations responded to a significant trend in one indicator that was not significant in the other, except at one gauging station located in the Guadiana RBA (in the Mediterranean region) and another located in the Guadalquivir RBA (in the Atlantic region). In these two cases, a significant FDC10 positive trend and a significant AMIN7 negative trend were found.
For the last period analysed, 1979-2009, only five differences in trends were detected (four in the Atlantic region and one in the Pyrenean region). Once again, differences were associated with significant trends found in an indicator that did not show significant trends in the other for the same period.
Multi-temporal trend test
The multi-temporal trend test included in Section 3.4 was applied to the nine gauging stations with no gaps in the low-flow indicator series in the period 1949-2009. These stations are located in the Cantabrian (A1427), Douro (A2031), Ebro (A9011, A9063, A9064), Júcar (A8030), Minho-Sil (A1734) and Tagus (A3001, A3005) RBAs. All are included in the Atlantic and Mediterranean regions, as shown in Fig. 7 .
Given that there was only one gauging station with a complete FDC10 series located in the Mediterranean region, and none in the Pyrenean region, two additional gauging stations were also analysed (A9022 in the Pyrenees and A9042 in the Mediterranean region, both located in the Ebro RBA). The gaps present in their FDC10 series (only one in A9042, and four in A9022) reduced the length of each series analysed when calculating trends, according to the corresponding starting and ending year. These FDC10 gaps caused the discontinuities shown in the corresponding graphics of Fig. 9 , being placed between the years whose FDC10 was depicted as a black dot.
The results of the multi-temporal trend test for the FDC10 series, presented in Fig. 8 , show the influence of given beginning and ending years on the significance of trends. In addition, the evolution of FD10 in time is also provided (in Fig. 9 ) in order to identify the influence of wet and dry periods on the results of the MK test. In such a way, a wet period at the end of the series will lead to a positive low-flow trend, while a dry period will lead to a negative trend. As a consequence, the conclusions obtained from a short-term analysis could be influenced by the period of time selected.
The results obtained show that, in general, the significant trends detected are usually negative regardless of whether the analysis focuses on the short or long term, i.e. there is a generalized decreasing trend in the low-flow series even for longer periods of time (that is to say, over half a century).
In station A1427, located in the Cantabrian RBA, only significant negative trends were detected. This general descending pattern in the long-to-medium term is confirmed clearly by the evolution of the FDC10 series in time (see Fig. 9 ) that shows how values gradually decrease in time, associated with a significant negative trend. The magnitude of the decreasing trends is greater when series begin in the period 1950-1970 due to a wet period with larger minimum flows in this period (Fig. 9) . However, no significant trends were found for periods starting in 1970-1980, after the wet period 1950-1970. At the gauging station A1734, located in the MinhoSil RBA, though the number of significant trends detected was smaller, all were negative, mainly for longer periods starting in 1950-1960. This could be linked to a wet period in 1950-1960, as can be seen in Fig. 9 .
In the case of the gauging station A2031 in the Douro RBA, the results show a large number of negative trends for almost all the periods considered, which is in accordance with the clear descending pattern shown in Fig. 9 . However, positive trends were detected in recent years, which is consistent with the increasing of FDC10 value in the period 1995-2010. Consequently, the significant trends are related to both a wet period in 1950-1970 that conditions the negative trends and a dry period in 1980-1990 that conditions the positive trends.
Regarding the stations located in the Tagus basin, A3001 shows significant negative trends for periods ending between 2000 and 2010, this being associated with a dry period in a long-term context. Figure 9 gives an insight into the evolution of the climate sub-cycles or phases, showing a dry period until 1960, followed by a wet period until 1980 (though trends were not found to be significant) and another dry sub-cycle extending until 2009. In A3005, positive trends were obtained in periods starting between 1950 and 1960 and ending between 1980 and 1995, due to a dry period in 1950-1960 , which can be seen in the corresponding part of Fig. 9 . Negative trends, associated with a gradual decrease in the FDC10, were detected for starting years between 1975 and 1985 and ending years between 2000 and 2010, caused by the dry period shown in Fig. 9 .
The gauging station A8030, located in the Júcar RBA, shows again significant negative trends for ending years between 1995 and 2010, caused by a strong dry period in the last part of the series, as can be seen in Fig. 9 .
The behaviour of low flows in the Atlantic part of the Ebro RBA is based on the results obtained at three stations: A9011, A9063 and A9064. In A9011, while positive trends were detected for series beginning in 1950-1960 and ending in 1970-1990 , negative trends were found for series beginning in 1965-1980 and ending in 1990-2010 . These results are due to a dry period in 1950-1960 followed by a wet period in 1965-1980 (see Fig. 9 ).
A similar pattern, which becomes clearer for the negative trends, was identified in A9064, where positive trends were found for ending years in 1970-1980, and negative trends for beginning years in 1960-1970, because of a wet period in 1960-1970 (see Fig. 9 ). In A9063, significant negative trends were obtained for most of the periods, which were associated with the gradual decrease of the FDC10, that shows a prolonged dry period in 1970-2010 (see Fig. 9 ).
It should be noted that there was also another gauging station with a complete FDC10 series between 1949 and 2009 (A9018, the most westerly gauging station of the Pyrenean region), though the results are not included in Figs 8 and 9 , as the multi-temporal trend test did not lead to any significant trend.
Considering the other two gauging stations analysed, A9022 and A9042, the results obtained also showed predominant negative trend patterns, especially in A9042, similar to those obtained in A9011 and A9064.
The evolution of FDC10 in A9042, located in the Ebro RBA but belonging to the Mediterranean region, comprises of two clearly differentiated periods : until 1960-1980 , where the FDC10 clearly increases; and from that date onwards, where the FDC clearly decreases (as shown in Fig. 9 ). Consequently, significant positive trends are detected for periods ending around 1970-1980, and significant negative trends for periods ending in 1980-2010.
Focusing on A9022, located in the Pyrenean region, significant negative trends were mainly detected for periods starting in 1955-1965 and ending in 1980-1990 and 2005-2010 , probably being influenced by a wet period in 1960-1970 (as shown in Fig. 9 ). In addition, increasing trends were found for periods ending in 1970-1975 because of the aforementioned wet period.
A joint analysis of the results obtained at the 11 gauging stations studied shows a generalized negative trend in a long-term context which could be associated with a dry cycle in the last decades affecting the whole of Spain. However, the results in A9011, A9064 and A3005 point to the presence of a wet sub-cycle affecting northeastern Spain (mainly the Ebro RBA) in , and another wet phase affecting the centre of the Douro RBA in 1980-2010.
Field significance trend test
A field significance trend test was applied to the three regions identified (the Atlantic, Mediterranean and Pyrenean), considering the periods 1949-2009, 1959-2009, 1969-2009, 1979-2009 , for both low-flow indicators, FDC10 and AMIN7, and using the methodology described in Section 3.5 with a value of B = 1000.
The results obtained are shown in Table 1 . These allow a conclusion to be reached in which the negative trends detected over the three regions are fieldsignificant, i.e. the results show that the number of at-site significant negative trends detected in the three regions during these periods, considering either the FDC10 or AMIN7 indicator, is great enough to state that they are not caused by a natural random process.
Considering the number of positive trends obtained, only that detected in the Atlantic region for the period 1949-2009 for the AMIN7 indicator proved to be field significant.
Discussion
This study found a clear general pattern of negative trends in low flows in Spain in the different periods studied since 1949.
This negative pattern is revealed for both low-flow indicators considered, FDC10 and AMIN7, and is particularly widespread in the Mediterranean and Atlantic regions when considering time periods starting in 1959 and 1969.
However, in the Pyrenean region, this negative pattern appeared only when considering periods starting in late 1950s and 1960s, and ending in the 2000s.
The multi-temporal trend test, developed at some particular gauging stations with complete or almost complete FDC10 series, is consistent with these results, showing again generalized negative patterns in the longest period studied , and associated with a decreasing evolution of the FDC10 since 1949. The exceptions were A3005, A9011 and A9022 where significant negative trends appeared when considering periods starting in the 1950s (A9022), 1970s (A9011) or 1980s (A3005) and ending in the 2000s.
Considering that low flows usually occur in summer, this spatial pattern is consistent with the findings of other studies focused on monthly trends, such as those by Stahl et al. (2010) , who found negative trends in monthly streamflows between May and September in the northern half of Spain in the period 1962 -2004 , and Lorenzo-Lacruz et al. (2012 , who also identified a decrease in natural Spanish streamflows in summer since 1945.
In another study, focused on the Ebro catchment in the period 1950 -2006 , López-Moreno et al. (2011 detected moderate decreasing trends in precipitation and strong increasing trends in temperatures in summer periods, which could explain strong or moderate decreasing trends in summer river discharges throughout almost all the catchment. In addition, Morán-Tejeda et al. (2011) , in a study focused on the Douro River basin in the period 1961-2006, found dominant significant negative trends in river discharges from April to September. In another study focused on the same catchment, Morán-Tejeda et al. (2012) found that the number of days with low flows significantly increased over the period .
The generalized negative trend in low flows in Spain might be associated with either a decreasing trend in the number of rainy days since 1954 in summer and spring (Gallego et al. 2011) , or a general increasing trend in the mean temperatures in the last four decades in all months and seasons (Del Río et al. 2011) . The predominant positive phases of the NAO since 1950, which have led to below-normal precipitation across southern Europe (Trigo et al. 2004) , could also be a driver of change. The abandonment of farmland in rural areas and the subsequent process of reforestation could also be reducing the volume of water that flows to rivers, reducing streamflows in dry periods (García-Ruiz and Lana-Renault 2011) . In effect, a decreasing evolution in the average runoff Table 1 . Number and percentage (in brackets) of gauging stations that show significant trends for the periods 1949-2009, 1959-2009, 1969-2009 and 1979-2009 . Field significant trends are highlighted in bold. was found by Martínez-Fernández et al. (2013) in the Douro, Ebro, Júcar and Tagus river basins from 1966 onwards.
The pattern is also observed in other Mediterranean countries, such as Greece, in an analysis that considered 17 gauging stations in the period 1961 -2006 (Mavromatis and Stathis 2011 , and in France, where Lespinas et al. (2010) reported negative summer flow trends in several sub-basins located in southern areas. Giuntoli et al. (2013) found significant decreasing lowflow trends in the same area and Renard et al. (2008) also detected low-flow trends focusing on the Pyrenees. In Turkey, Kahya and Kalaycı (2004) found a decreasing streamflow pattern, more intense in the western part of the country, in a study focused on 83 gauging stations. Furthermore, Yenigün et al. (2008) observed significant decreasing trends in annual minimum streamflows in 25% of the 22 stations analysed in the Euphrates river basin, also located in Turkey.
Conclusions
The results obtained show a general decline in low flows throughout the rivers in Spain. In the three regions considered, the Atlantic, Mediterranean and Pyrenean, generalized significant negative trends were detected for both FDC10 and AMIN7 indicators. These at-site negative trends proved to be field-significant.
The multi-temporal trend test showed a generalized long-and medium-term negative trend in FDC10 since 1949, related to a long dry cycle affecting the country. In both the Cantabrian and Minho-Sil RBAs, significant negative trends were obtained for periods in excess of 30-60 years, caused by a long dry cycle that gradually lost its intensity. In the Ebro, Júcar and Tagus RBAs significant negative trends were found for periods ending after the 1980s, caused by a more recent dry cycle. In addition, in the Ebro and Tagus catchments, significant negative trends were detected for periods starting in the 1950s and ending in the 1960s or 1970s, caused by a wet cycle followed by a dry one up to the present. In the Douro RBA, generalized significant negative trends were found that could be related to a recent dry sub-cycle in a longterm wet cycle context. Decreasing trends in low flows could be driven by several factors. Although this study is not focused on analysing the linkages between the observed trends and the causal processes behind them, it could be expanded by exploring the connections between the trends detected and variables that affect hydrological cycles, such as greenhouse gas emissions, summer evapotranspiration (when low flows are most likely to occur), the increase in vegetation due to farmland abandonment and the NAO. However, the observed trends should be seen as independent on the intensive regulation of the Spanish rivers by large dams, as the set of flow series used in this study was recorded at gauging stations located in near-natural catchments.
As the data series used here are mainly from stations located in a given part of the country that includes the Cantabrian, Douro, Ebro, Júcar, Minho-Sil and Tagus RBAs, the results should be extrapolated with caution as regards the river catchments located in the south, such as the Guadalquivir and Guadiana.
Lastly, the FDC10 low-flow indicator used in this study follows the Spanish recommendations for water resources planning to estimate environmental flows. As environmental flows are a restriction to the allocation of water resources in reservoirs, assumed to be a minimum threshold that must be discharged downstream to maintain a good environmental status in the watercourse, the field-significant negative trends detected in FDC10 series across the rivers of the northern half of Spain highlight the importance of predicting the environmental flows for improving management of water resources in the future.
